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EFFECT OF FAT AND CASEIN PARTICLES IN MILK ON THE
SCATTERING OF ELLIPTICALLY POLARIZED LIGHT
C. Crofcheck, J. Wade, J. N. Swamy, M. M. Aslan, M. P. Mengüç

ABSTRACT. In this article, we present an experimental approach to determine the milk fat content using scattered light intensity
profiles. The elements of the scattering (Mueller) matrix have been shown to provide valuable information about variation
of the optical properties of scattering particles. The scattering behavior of fat and casein in terms of the scattering matrix
elements was experimentally determined for milk with varying fat levels ranging from 0.05 wt% (skim) to 3.20 wt% (whole).
Three of the scattering Mueller matrix elements, specifically S11 , S12 /S11 , and S33 /S11 , were found to be sensitive to the number
of fat particles in milk. These results indicate that it should be possible to develop a reliable sensor based on the measurement
of these scattering elements, which will allow for the development of a robust, in-line sensor to be used in food processing.
In addition, an attempt was made to model the phenomena using a relatively simple approach based on single scattering with
a size distribution. The disagreement between the model and experiments suggests that a more comprehensive model is needed
which can account for multiple scattering.
Keywords. Depolarization, Fat content, Light scattering, Mueller matrix.

A

n essential requirement for the automation of processes in the food industry is the continuous evaluation of the composition and physical properties of
liquid mixtures during crucial processing steps.
However, the physical characteristics of many food products are
inherently difficult to measure using traditional process monitoring schemes, due to the food material being sticky, highly viscous, or containing particles of varying sizes and shapes.
Therefore, the need exists for the development of robust, versatile, in-line sensors capable of rapid and continuous monitoring
of these food materials. Optical measurement techniques are attractive for this purpose, as they are clean, effective, and can be
designed to function non-intrusively.
There is significant motivation to investigate new methods
for measuring fat content, in an attempt to decrease milk
processing cost and to improve control. Milk fat concentration
can currently be measured by existing commercial systems at
a cost of as much as $250,000 per measurement system, for an
infrared transmission/reflectance (IFIR) based system. Devices
that utilize near-infrared transmission technology to measure
and control milk fat content can range in cost from $20,000 to
$60,000, while devices that utilize full transmission NIR
wavelengths for milk standardization can range from $60,000
to $100,000 per measurement system. In addition, milk fat
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measurement in the dairy industry requires considerable
precision because of the economic loss associated with
producing milk products with too high fat content. Generally
speaking, the milk fat content measurements must have an
accuracy of approximately 0.02%. While existing technologies
exist for measuring fat content, an easy to calibrate, compact,
and less expensive system would have great advantages,
especially if the level of accuracy could be increased as well
(personal communication with Tony Suda, ESE, Inc., Marshfield, Wisc.).
Fiber optic sensors have been shown to provide reliable and
inexpensive methods for measuring the diffuse reflectance of
multiple-scattering fluids (Meeten and Wood, 1993). Such
sensors have previously been developed for monitoring changes
in backscatter (diffuse reflectance) during enzymatic coagulation of milk (Payne, 1995; Payne et al., 1993) and the culture
of cottage cheese (Crofcheck et al., 1999; Payne et al., 1997).
In addition, similar sensors may be used for transition sensing
of dairy products, when product lines are switched from water
to milk (Payne et al., 1999) and for determining the milkfat
content in skim milk (Crofcheck et al., 2000).
These previous studies have focused on light scattering
without taking the changes in the polarization of scattered light
into account. A technique that also encompasses changes in
polarization may provide additional information about the
scattering particles and/or increase the accuracy of measurement. By defining the relation between the properties of the
incident and scattered intensities (i.e., measurable quantities) in
terms of physical characteristics of the scatterer, one can arrive
at these characteristics using a rigorous inverse analysis (Aslan
et al., 2003a; Aslan et al., 2003b; Manickavasagam and
Mengüç, 1997; Manickavasagam et al., 2002; Mengüç and
Manickavasagam, 1998). The work described in this article is
a preliminary step prior to developing monitoring systems based
on elliptically polarized light scattering to distinguish fat and
casein concentrations in dilute milk samples.
Milk is a complex biological fluid composed of water, fat,
protein, lactose, citric acid, and inorganic compounds (Walstra
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and Jenness, 1984). Light scattering by fat globules and casein
micelles causes milk to appear turbid and opaque. These two
components scatter light differently based on differences in size,
number, and optical properties (e.g., index of refraction) of the
particles. The average particle diameter of casein micelles falls
in the range of 0.13 to 0.16 m (Ruettiman and Ladisch, 1987),
and milkfat in the form of globules falls in the range of 0.1 to
10 m for unhomogenized milk, with a mean diameter of 3.4
m (d32 ) (Mulder and Walstra, 1974). The mean diameter
reported for particles in skim milk is around 0.210 to 0.225 m
(Attaie and Ritcher, 2000). Skim milk appears slightly blue
because the small casein micelles predominately scatter the
shorter (blue) wavelengths of visible light. On the other hand,
whole milk appears white because the larger fat globules
multiple-scatter all wavelengths of incident light.
The polarization of a beam of light can be described in terms
of the Stokes parameters. The differences in the intensity and
polarization of light between the incident (before encountering
the particle, [I]inc ) and scattered (after encountering the particle,
[I]sca ) light can be characterized by a 4 × 4 property matrix,
known as the scattering or Mueller matrix, [S()], (Bohren and
Huffman, 1983) using the following equation:
[I] sca = 21 2 [S (θ)][ I] inc
(1)
k r
where k = 2/, and r is the distance between the light source
and the detector. This property matrix can be reduced from a
16-element matrix (denoted as Sij values) down to a 6-element
matrix (S11, S12, S22, S33, S34, and S44) after considering all averaging effects (Govindan et al., 1996; Mengüç and Manickavasagam, 1998):
0
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The scattering matrix elements (S11, S12, S22, S33, S34, and
S44) can be calculated from the scattering amplitudes that relate
two perpendicular components of incident electromagnetic
(EM) wave with two perpendicular components of scattered
EM wave using the equations in Bohren and Huffman (1983).
Similar methodologies have been used to characterize colloidal
metallic particles (Aslan et al., 2003b) and coal particles
(Mengüç and Manickavasagam, 1998).
In this article, the normalized scattering matrix elements
(Mij) were calculated, which are defined as:
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where S11 is the value of S11 at the first scattering angle measured, and the remaining Sij values are all measured as a function of scattering angle, e.g., M22(85°) = S22(85°)/S11(85°).
Taken in totality, the scattering elements reflect the effect
of the medium on the scattering of light. Taken individually,
the scattering elements can indicate specifics about the
properties of the medium. The differential scattering crosssection (S11) is a measure of how an incident beam of light
is scattered into different directions. S12 represents the
depolarization due to the scattering by the medium and the
scattering particles, which depends on the size, geometry,
and optical properties. S34 is related to the fraction of the
elliptically polarized light transformed to circularly polarized light. When the particles are perfectly spherical, S22 is
equal to S11, and any deviation from a spherical shape is
reflected by the ratio S22/S11: the greater the deviation of the
ratio from 1, the greater the deviation of the particles from a
spherical shape. S33 is a measure of how much of the light
polarized at +45° is retained through the medium. Each one
of these Sij parameters can be related to milk properties, such
as particle size, shape, and number of the fat globules and
casein micelles. Typically, the S22 and S33 elements are
sensitive to the particle aspect ratio, while the other elements
are sensitive to particle size and distribution (Yang et al.,
2003). A sensitivity analysis of each of these Sij parameters
may find correlations with the properties of interest.
The overall objective of our current research is to develop
a light-based in-line sensor that can monitor the particulate
concentrations, for example fat and protein, in milk. The
specific objectives were to:
S Determine and evaluate several possible correlations
between the experimentally determined scattering matrix elements and milk fat level.
S Determine the sensitivity of the scattering matrix elements to other parameters, such as particle size distribution, particle index of refraction, and the presence
of casein particles based on single-scattering model
predictions.
S Determine which matrix elements and scattering
angles should be investigated further with a prototype
in-line sensor.

RESEARCH METHODS
EXPERIMENTAL SETUP
Experiments were carried out with the setup shown in
figure 1. The details of the system can be found in the
literature (Aslan et al., 2003b). Optical components included
two polarizers (P1 and P2) and two retarders (R1 and R2) that
were used to modulate incident and scattered light so that the
polarized light scattered by the diluted milk sample could be
measured. The system was calibrated and validated using
latex particles of well-known size and concentration (Aslan
et al., 2003b). Polarization angle and type of incident light
was modulated by retarder R1, and the first polarizer (P1) was
fixed at 45° in the incident beam path. Scattered light from
the sample was filtered by retarder R2 and polarizer P2. A
20 mW helium neon laser ( = 632 nm) was employed as the
light source. This wavelength is compatible with the particle
sizes expected in milk and would also be cost-effective for
future sensor development.
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Scattered light that passed through R2 and P2 was detected
by a photomultiplier tube (PMT; Hamamatsu R446) as a
function of the scattering angle (). Since the incident light
was plane polarized at +45°, the Stokes vector for scattered
light that carried both the intensity and the polarization
information in normalized form can be written as (Aslan et
al., 2003b):

[I out (θ, α,β1,β 2 )]
[

][ ]

= M sys (θ, α, β1 , β 2 ) I in

= [ M P2 (α)] [M R2 (β1 )] [S (θ)] [M R1 (β 2 )] [I 0 ]

(4)

where [MR1], [MR2], and [MP2] make up the Mueller matrix
of retarder R1, retarder R2, and polarizer P2, oriented at
angles 2, 1, and , respectively. The scattering (Mueller)
matrix, [S()], of the medium (diluted milk) is given by equation 3 for an isotropic and symmetric medium. The intensities
are measured at a given scattering angle () for six different
combinations of , 1, and 2. The scattering matrix elements (Sij ) are then calculated by solving six equations for six
unknowns. The components of the Stokes vector of light at
the sensor, derived for our optical system, are (Aslan et al.,
2003b):

[I iout (θ, α, β1, β 2 )]
[

[

]

= M isys
2 ( θ, α, β1 , β 2 )

]

+ M isys
4 (θ, α, β1 , β 2 ) , i = 1, 2, 3, and 4

(5)

EXPERIMENTAL PROCEDURE
Three separate batches of milk were tested (sorted by
expiration date) for all factors, in triplicate for each batch.
Skim and whole milk were purchased from a local grocery
store (Kroger Co.) and stored at 4°C until tested (within four
days of the purchase date). The two milks were mixed in
appropriate portions to obtain different fat levels (1.15 and
2.2 wt%). The fat and protein contents of the milk samples
were determined by the University of Kentucky Regulatory
Services using a Milkoscan FT 120 (Foss Electric, Denmark)
in order to have consistent calibration.
Labview 6i (National Instruments, Austin, Texas) was
used to control light input and record scattering data from the
experimental system. All experiments were performed in a
no-light environment. The data were recorded and plotted
versus the scattering angle.
Preliminary tests were completed with skim and whole
milk samples at multiple volume fractions. The purpose of
these tests was to find the optimum volume fraction to use for
the future experiments and sensor development. Data were
recorded and plotted versus the scattering angle, 25° <  <
145°. For these preliminary tests, the samples were diluted
in 100 mL of skim milk ultrafiltrate (SMUF; Jenness and
Koop, 1962).
Based on the preliminary results, a modified scattering
angle range 75° <  < 125° and a milk volume fraction of
3.0 × 10−3 was used for the correlation experiments. To
prepare each sample, 300 L of milk of various fat levels was
diluted with deionized water to a final volume of 100 mL.
The diluted milk solution was then poured into the sample

è

Milk
sample

Figure 1. Experimental setup to measure elliptically polarized light scattered by fat and casein particles in diluted milk (Aslan et al., 2003b); C = collimator; NDF1 and V-NDF1 = filters; P1 and P2 = polarizers; BSp = beam splitter; R1 and R2 = retarders; IR1, IR2, and IR3 = iris; L1 and L2 = lenses;
RS = rotation stage; LT = beam dump; PMT = photomultiplier tube; R-PMT = reference PMT; and q = scattering angle.
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cup, followed by lowering the light trap into the solution to
trap the laser after passing through the cup. The laser power,
input and scattering, were then fine-tuned by adjusting
NDF1, V-NDF1, R-PMT, and the lock-in amplifier in order
to ensure signal stability. A table of six sets of angles was
created for the two retarders (R1 and R2) and the first polarizer (P1). The program was used to acquire the light input and
scattering data over the range of scattering angles for all six
sets of angular inputs. The resulting Mij values were then calculated.
MODEL PREDICTIONS
Changes in the concentration of the casein and fat globules
can be detected in milk only if we have a comprehensive
predictive capability. Thus, a model could be helpful to
predict how fat and casein particles scatter the incident light
and how the polarization changes as a function of particle
properties. Such a computational model requires accurate
prediction of elliptically polarized light scattering by particles in single or multiple scattering media. Our milk
samples were diluted in order to ensure that the final solution
was optically thin with an optical thickness of less than 0.5
(Agarwal and Mengüç, 1991); hence, contributions due to
multiple scattering effects were not considered here.
Modeling of light scattering by the individual fat and
casein particles was performed using the Lorenz-Mie theory
(Bohren and Huffman, 1983). The sensitivity of the Mij
values to the size distribution, index of refraction, and the
presence of casein micelles was investigated.
The sensitivity of the scattering elements to changes in
size distribution was tested by varying the effective diameter
model input. Distributions encountered in particle characterization are notoriously non-Gaussian; however, a log-normal
distribution often provides an improved fit to the observations. Log-normal distributions have proven useful for the
size distributions of all kinds of small particles, aerosols, and
many other cases. The general form for a log-normal
distribution is given by (Hansen and Travis, 1974):
F (d ) =




2 fv 1
exp −
π σg d




 d 

ln  − ln Rg 
  2

2
2 σg

2









(6)

where fv is particle volume fraction, g is variance distribution, and Rg is the characteristic dimension. They can be related with effective diameter (deff ) and effective variance
(eff ) as:
 5σ 2g
d eff = 2 R g exp
 2


( )

υeff = exp σ 2g − 1






(7)

(8)

A base-case size distribution was developed by fitting a
log-normal distribution to a size distribution found in the
literature and input into the model as an effective diameter.
The size distribution for the fat globules was taken from
Walstra (1975), while the size distribution for casein micelles
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was taken from Schmidt et al. (1977). The amount of casein
in the samples was assumed to be 80% of the total protein
content (Walstra and Jenness, 1984). The measured wt% of
fat and protein in the milk samples was converted to a volume
fraction, assuming densities of 1.11, 0.92, and 1.03 g mL−1
for protein, fat, and milk, respectively (Walstra and Jenness,
1984). The resulting effective diameter was 0.125 m for the
base case. Four additional effective diameters tested in the
model were 0.075, 0.1125, 0.1375, and 0.175 m. For the
0.075 and 0.175 mm distributions, it was assumed that the
distribution varied such that the distribution curve narrowed
or widened by 10%. For the 0.1125 and 0.1375 m
distributions, a shift in the average of the distribution was
assumed; specifically, the effective diameter was shifted by
0.0125 m. The minimum diameter was zero for all cases,
while the maximum diameter was 1.625 m for the base case
and 1.575, 1.463, 1.788, and 1.675 m, respectively, for the
other distributions.
Using the base-case size distribution, two different casein
indices of refraction were considered. The first, 1.5713, was
measured by Griffin and Griffin (1985), while the second,
1.4682, was assumed in previous work (Crofcheck, 2001),
where 1.4682 is the measured index of refraction of fat.
Measurements of the refractive index of milk indicate that the
imaginary part of the index of refraction, which is related to
the amount of absorption that can be expected from the
material, is negligible (Jaaskelainen et al., 2001). Hence, the
effect of absorption on the Mueller matrix elements has been
assumed negligible in our study. Finally, the casein micelles
were left out of the model simulation in order to determine
the effect of scattering due to the fat alone.

RESULTS AND DISCUSSION
EXPERIMENTAL RESULTS
The relationships between varying fat level (0.05, 1.15,
2.20, and 3.20 wt% before dilution) for the six independent
normalized matrix elements (M11, M12, M22, M33, M34, and
M44) as a function of scattering angle (75°, 85°, 95°, 105°,
115°, and 125°) are shown in figure 2. In our experiments,
forward scattering angles are 0° to 70°, side-scattering
angles are 70° to 110°, and backscattering angles are 110° to
180°. Each data point represents the average over the three
batches, where each batch was tested in triplicate, for a total
of nine observations. The error bars, based on standard error,
associated with the M22 and M34 plots are the most
prominent, while the greatest statistical difference between
the batches was found with the M12 and M44 data. In general,
the repeatability for all six Mij elements was deemed
acceptable.
These results show clearly that the Mij elements are quite
sensitive to fat concentration. The results also reflect that
these elements show a definite trend with respect to the
scattering angle. Such variation can be used to select specific
angles for optimized measurement sensitivity. For example,
M11 values, indicative of the scattering properties, show
better sensitivity to fat concentration at backscattering angles
(115° and 125°), while M12 values show sensitivity over a
fairly large range except the backscattering angles. The
sensitivity of other Mij elements to fat concentration is fairly
independent of the scattering angle. Thus, by measuring the
Mij values at predetermined angles, definite correlations can
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Figure 2. Scattering elements as a function of scattering angle for four different fat levels (averaged over three batches and tested in triplicate for each
batch). Error bars represent standard error (nine observations).

be obtained between these Mij profiles and fat concentrations.
The deviation of M22 from 1 indicates that the fat globules are
not spherical in shape. The variation in data for a given fat
concentration is reflective of the arbitrariness and non-uniformity of shape. Further, a drop in M22 values at higher fat
concentrations is thought to be a result of multiple scattering
effects. The agglomeration of fat globules into more random
shapes at higher fat levels may also be a factor.
The variations of Mij elements with respect to fat level
were tested at specific scattering angles. The resulting curves
for fat level based on the M11, M12, and M33 values at four
different scattering angles are depicted in figures 3 through
5. The forward scattering (<90°) results showed little
dependence on fat level and have been omitted from the
figures. Each data point represents the average for a single
batch (n = 3). The other Mij profiles also show some
sensitivity to the change in fat level; however, they are not as
encouraging as the M11, M12, and M33 profiles. A logarithmic
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curve was used to fit the data for the M11 correlation (R2
values from 0.977 to 0.990), and linear fits were used for M12
(R2 values of 0.937 to 0.967) and M33 (R2 values of 0.970 to
0.990). The dynamic range and linearity of the M12 and M33
plots indicate that these elements might prove useful in terms
of sensor development. The results clearly indicate better
sensitivity of M11 at backscattering angles. The M33 plot
shows no variation in slope for different scattering angles.
For the M12 plot, slope increases with decreasing scattering
angle.
In figure 2, the M12 curve for each fat level has an
inflection point at a different scattering angle. Based on this
observation, the correlation between the scattering angle at
which M12 has an inflection point and the fat level, as shown
in figure 6, was investigated. The dynamic range and
linearity of the curve (R2 = 0.9447) are very promising for
accurate and repeatable measurements. With this curve, the
sensor would need to take measurements for a range of
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Figure 3. Logarithmic calibration curves relating the scattering element
M11 and fat level (wt%) at four scattering angles (95°, 105°, 115°, and
125°). Each point represents three tests with the same milk batch (n = 3).
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Figure 4. Linear calibration curves relating the scattering element M12
and fat level (wt%) at four scattering angles (95°, 105°, 115°, and 125°).
Each point represents three tests with the same milk batch (n = 3).
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Figure 5. Linear calibration curves relating the scattering element M33
and fat level (wt%) at four scattering angles (95°, 105°, 115°, and 125°).
Each point represents three tests with the same milk batch (n = 3).

scattering angles, but it could prove to be more robust and
sensitive.
MODEL PREDICTIONS
The experimental results suggest that it is possible to use
the Mij parameters obtained at discrete scattering angles to
detect the variations in the fat level in diluted milk samples.
It is, however, important to test the reliability of these
predictions, especially if there are variations in the structural
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Figure 6. Linear calibration curve relating the scattering angle at which
the M12 curve has an inflection point for the various fat levels (wt%). Each
point represents three tests with the same milk batch (n = 3).

and optical properties of samples considered. To have a more
comprehensive and reliable predictive power, we examined
the sensitivity of the Mij parameters to size distribution of fat
particles, casein index of refraction, and the presence of casein particles with a series of model simulations. The model
simulations for M11, M12, and M33 for whole milk, assuming
five different size distributions, are shown in figure 7. The
trends were identical for the skim milk simulations; hence,
skim milk results are not shown. The trends are quite similar
to the experimental results, although the values are dramatically different. The differences can be attributed to the structural and optical properties of the sample, which could not be
controlled or physically measured during experimentation.
Further, the model is based on the Lorenz-Mie theory, which
assumes the scattering particles to be spherical, and that may
be an over-simplification. Finally, and possibly most importantly, the model should be expanded to include multiple
scattering before direct comparisons between the experiments and model predictions can be made, a formidable task.
However, the simple model utilized here shows the same
trends as the experiments and can be used for a careful analysis of the sensitivity of single-scattering model Mij elements
to sample properties, This sensitivity analysis will prove useful as a tool to further identify which elements are worthy of
further investigation for sensor development.
The dramatic differences in the model predictions illustrate that these scattering matrix elements are sensitive to size
distribution profiles. Changes in the average of the log-normal distribution (0.1125 and 0.1375 m) appear to be less
dramatic than changes due to the variance of the log-normal
distribution (0.075 and 0.175 m). Interestingly, for the
positive offset distribution results (larger particles), the Mij
predictions are quite different from the remaining predictions. This illustrates that the presence of larger particles will
have a substantial influence on the Mij values.
Mij Sensitivity to Casein Particles
The model simulations for M11, M12, and M33 for both
skim and whole milk, considering the effect of both fat and
casein particles and compared to fat particles alone, are
shown in figure 8. The effect of casein micelles on M11 is
negligible, while the effects are dramatic for M12 and M33.
Hence, M11 may prove useful for determining the milk fat
content of milk independent of casein content. For the case
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Figure 7. Model-predicted scattering elements (M11, M12, and M33) as a function of scattering angle for whole milk, assuming five different size distributions.

of M12, the differences are prominent at side-scattering
angles (90°) and may prove useful for determining the fat and
protein content simultaneously. On the other hand, the M33
values at 90° are fairly consistent for both fat levels with and
without casein. A measurement at this point could prove useful for comparison to other measurements.

Mij Sensitivity to Index of Refraction
The model simulations for M11, M12, and M33 for both
skim and whole milk considering two different casein indices
of refraction (1.462 and 1.5713) are shown in figure 9. The
M11 plot shows a shift in values, although the trend is
consistent for the two values of refractive index considered.
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Figure 8. Model-predicted scattering elements (M11, M12, and M33) as a function of scattering angle for whole and skim milk with and without casein particles.
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Figure 9. Model-predicted scattering elements (M11, M12, and M33) as a function of scattering angle for whole milk with two indices of refraction for
casein.

Computed M12 and M33 values are insensitive to the change
in refractive index. This may prove desirable, because fluctuations in process conditions can lead to small changes in refractive index of the biomaterials. Further, the refractive
indices of biomaterials like casein can only be measured with
reasonable accuracy, as they are difficult to isolate, and their
properties change with conditions. Thus, these model predictions support further investigation of M12 and M33 for sensor
development.

CONCLUSION
A series of experiments were carried out to characterize
milk samples using the profiles of the scattered elliptically
polarized light. Experimental results indicate that the fat
level in milk has an influence on the scattering matrix values.
There is a strong correlation between fat level and the values
of M11, M12, and M33. The linear correlation and the dynamic
range associated with the M12 and M33 values make these
elements candidates for further sensor development. However, the calibration curve based on M12 at multiple scattering
angles results in a substantial dynamic range and linearity.
The sensitivities of the various scattering elements to the
particle size distribution, particle index of refraction, and the
presence of casein micelles were investigated with singlescattering model simulations. Based on these simulations,
M12 and M33 show additional beneficial qualities for sensor
development, since these elements are sensitive to casein
particles and insensitive to particle index of refraction,
especially if the final sensor is to provide information about
the protein and fat levels.
The agreement between experimental values and model
predictions will be improved once multiple scattering due to
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fat globules and casein particles is also included in the model
(currently under investigation). Additionally, we are expanding a Monte Carlo vector radiative transfer model (Vaillon et
al., 2004) to be applicable to turbid media, like milk.
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